Introduction
Plasmas formed in solution under atmospheric pressure have attracted much attention as characteristic reaction fields. 1 Their characteristic features are summarized as follows. At first, the pressure is much higher, up to atmospheric pressure or higher, than other conventional plasmas that are usually formed under low pressure, and range between about 10 -3 to 1 Torr. 2 Because of the high pressure, the frequencies of inter-particle collisions are high. Due to the high collision frequencies, the reactions in the plasma and the interface between the plasma and the surrounding solution proceed fast. Second, the contents in the plasma are readily arranged by changing the materials of the electrodes and the solutes dissolved into the surrounding solution. These contents and their derivatives are utilized as reactants in the reactions. Third, hot products in the plasma are released into the surrounding cold solution. The temperature of the plasma generally reaches up to several thousand Kelvin or higher, but that of the surrounding solution can be kept at room temperature. 3 Thus, the released hot products are immediately cooled down and the reactions are suddenly quenched in the cold solution. 4 Due to this rapid quenching process, it is expected that thermodynamically semi-stable products, which are hardly synthesized under general gradual cooling conditions, can be synthesized.
When high voltage (>1 kV) with the temporal duration of several microseconds is utilized, atmospheric-pressure discharge plasma generates in a water vapor bubble confined between the electrodes. 4, 5 Since the plasma spatially fills almost the whole part of the gap like glow discharge, we denote it as atmosphericpressure in-solution glow (ASG) plasma. We have studied and analyzed the emission spectrum from the ASG plasma with the time resolution of nanoseconds. 3 The ASG plasma contains ·H and ·OH, as well as the streamer generated in aqueous solution. 6 Owing to the efficient generation of ·H and ·OH due to the dissociation of the abundant water molecules deriving from the surrounding aqueous solutions, the ASG plasma can be applied to degradations of organic chemicals, 7, 8 sterilizations, 9 and syntheses of metal nanoparticles, 10, 11 called solution plasma processing (SPP). 4 We have also succeeded in arranging the gas composition in the ASG plasma by developing a direct gas introducing system through pipe electrodes. 12 The ASG plasma exhibits another characteristic discharge mode. When the distance between the electrodes is extended to more than several millimeters, the ASG plasma, spatially connecting both edge of the electrodes, is separated into two plasmas, localized at the vicinities of the anodic and cathodic electrodes.
cathode and the anode should contain different species and should exhibit different properties, such as the electron number density and the excitation temperatures of the radicals. The reaction pathways, rates, and yields should depend on these parameters. For designing the reaction field, it is essential to elucidate the parameters for the ASS plasmas.
However, no quantitative information has been available, although the properties of the ASS plasmas have been examined by optical emission spectroscopy (OES). 14, 15 This is because the bipolar pulsed voltage was dominantly utilized in the previous studies. When the bipolar pulsed voltage is applied, the two electrodes are used as the anode and the cathode alternately. Under this experimental condition, the parameters experimentally obtained are averaged between the plasmas generating around the anode (+plasma) and the cathode (-plasma).
In the present study, we first utilized a monopolar pulsed high voltage for the generation of the ASS plasmas (monopolar ASS, m-ASS plasmas). Under this condition, one metal electrode is fixed as the anode, and the other is as the cathode. Therefore, the positions where the +plasma and the -plasma are generated are separately fixed.
Another important measurement condition for obtaining the emission spectra from the +plasma and the -plasma is to collect the emitted lights from these plasmas separately. To achieve this condition, we developed and applied a nanosecond OES system based on a custom-made discharge cell and a microscope. 5 With the microscopic spectrometer, we succeeded in obtaining the emission spectra from the +plasma and the -plasma separately. We identified the components contained in the plasmas and quantitatively estimated the temperatures of them from the emission spectra analyses. 16 We also measured the temporal evolutions of the emission intensities and the blackbody temperature.
Experimental
We developed an ns-OES system and applied it for the diagnostics of the m-ASS plasmas based on a microscopic spectrometer with a custom-made discharge cell. The detailed information on the system is described elsewhere. 3, 5 The m-ASS plasmas were generated in a gap between two opposed tungsten electrodes with the diameters of 0.25 mm. The electrodes were confined in the cell. The cell was filled with aqueous solution of NaOH with the concentration of 8 mmol dm -3 . The gap between the edges of the electrodes was set to 15 mm. The m-ASS discharge was performed by application of a monopolar pulsed voltage between the electrodes. The amplitude, temporal duration, and repetition rate of the applied voltage were 2 kV, 2 μs, and 25 kHz, respectively. The temporal evolutions of the current and voltage are shown in Fig. 1. From Fig. 1 , the temporal duration of the discharge was about 1.5 μs. The emissions from the plasmas, collected by an objective lens, were introduced to a spectrograph, and were detected by a streak camera. Time-resolved measurements were enabled by a temporal synchronization circuit between the pulsed voltage and the streak camera. The spectral resolution was arranged by changing gratings installed in the spectrograph from 0.09 to 0.4 nm. The temporal evolution of the emission spectrum was obtained by synchronizing the timing of the application of the pulsed voltage and the gating time for the streak camera with the resolution of nanoseconds.
Results

Photographic overview of m-ASS plasmas
We have utilized the monopolar pulsed high voltage for the generation of the m-ASS plasmas. The photographic image during the discharge is shown in Fig. 2 . Because the emissions from the two plasmas were observed, the m-ASS plasmas were successfully generated by the application of the monopolar pulsed voltage. As shown in Fig. 2 , the emissions from the +plasma and -plasma are colored orange and purple, respectively. The different colors of the plasmas indicate that the components contained in the +plasma and -plasma are different.
Temporally integrated emission spectra from m-ASS plasmas
We measured the optical emission spectra from the +plasma and -plasma separately with the developed microscopic spectrometer. The spectra integrated during the emission time spans are shown in Fig. 3 . As shown in Fig. 3 , several emission lines are observed for both of the m-ASS plasmas. The emission band in the wavelength range between 306 and 320 nm results from ·OH. 17 The sharp emission lines at 486 and 656 nm are assigned to the Hα and Hβ lines in the Balmer series from ·H, respectively. The sharp line at 589 nm is assigned to the D line of atomic Na. A continuum emission is observed in the wavelength range between 270 and 570 nm. The shape of the continuum emission is well explained by Planck's function for the spectral density of the blackbody radiation, as well as that for the ASG plasma. 3 From these assignments, it is concluded that the plasmas commonly contain the four components, namely blackbody, ·OH, ·H, and Na.
Electron number density
Electron number density is one of the most important parameters to characterize plasmas. It is known that the emission line from ·H is broadened by the electric field due to the free electrons in the plasma, called Stark broadening. 18 Here, we estimate the electron number density, ne, from the bandwidth of the Hβ emission line from ·H. The Hβ emission line is well fitted by a Lorentzian function for the two plasmas, as shown in Fig. 4 . It is reported that the bandwidth (full width at half maximum), Δλ, can be converted to ne by the equation, 18 ne = 1.04 × 10 16 ×(Δλ) 1.497 .
(
From the fitting with the Lorentzian function, Δλ is obtained as 0.38 and 1.8 nm for the +plasma and the -plasma, respectively. By substituting these values to the Eq. (1), ne is estimated as 2.5 × 10 15 and 2.5 × 10 16 cm -3 for the +plasma and the -plasma, respectively. Interestingly, ne for the +plasma is smaller by a factor of about ten than that for the -plasma, although these plasmas are generated simultaneously by the application of the same voltage pulse. In addition, we have reported that ne for the ASG plasma as 5 × 10 16 cm -3 .
3 ne for the ASG plasma and the -plasma are almost the same, and that for the +plasma is lower.
Note that the other broadening effects, such as Doppler broadening and pressure broadening, also contribute to the emission bandwidth of the Hβ line. Under the present condition, the contributions from the Doppler and the pressure broadening are estimated as 0.02 -0.03 nm. 18 These broadening effects do not contribute greatly to the linewidth of the Hβ emission for the -plasma. For the +plasma, since the obtained bandwidth of 0.38 nm, the ne value is increased by 10% at maximum. However, this difference does not largely alter our conclusion.
Blackbody temperature
Electron temperature is another important parameter to characterize plasma. However, it is difficult to estimate the electric temperature directly from the optical emission spectrum. Alternatively, we suggested that the temperature estimated from the blackbody continuum emission should correspond to the lower limit of the electron temperature because the blackbody radiation should be derived from the gas heated by the collisions with the accelerated electrons. 3 Here, we estimate the timeaveraged blackbody temperature for the +plasma and -plasma.
The emission from the blackbody is observed in the wavelength range between 270 and 570 nm commonly for the +plasma and -plasma, as shown in Fig. 3 . For the ASG plasma, when Planck's theory is applied, the continuum emission spectrum from a blackbody at wavelength λ, I(λ), is explained by the function, Fig. 3 Obtained average emission spectra from the +plasma (bottom) and the -plasma (top) (a). The spectra ranging between 270 and 570 nm are enlarged by a factor of 8 in (b). The spectra are normalized by the intensity of the Hα emission line at 656 nm. The dotted lines represent the best-fitted curves using the function (1). The fitted wavelength range is between 270 and 570 nm, except for the emissions from ·OH at around 310 nm and ·H at 486 nm. 
where h is Planck's constant, c is the light speed, kB is the Boltzmann constant, and Tb is the blackbody temperature. The obtained spectrum of the continuum emission is fitted by the function (2) as shown in Fig. 3(b) . The obtained spectrum of the continuum emission is well reconstructed when the blackbody temperature Tb is 7400 K for the +plasma, and is 7600 K for the -plasma. From the estimations, Tb for the -plasma is slightly larger than that for the +plasma. However, the difference is not large, and estimated Tb should contain experimental and fitting uncertainties to some extent. In addition, the peak wavelength of the fitted curve reflects the Tb value directly. For the fitting results for the +plasma and -plasma, the peak wavelengths of the fitted curves are 389.4 and 387.9 nm, respectively. The difference is small, compared to the experiments and fitting uncertainties. Therefore, we conclude that the blackbody temperature is almost identical for the +plasma and -plasma. The temporal evolution of Tb is measured from the obtained time-resolved emission spectra from the two plasmas. Tb is estimated with the interval of 0.1 μs by the fitting of the continuum emission observed at the wavelength range between 270 and 570 nm.
The plot of Tb against the delay time after starting of the emission is shown in Fig. 5 . As shown in Fig. 5 , Tb rapidly increases from 4000 to 7000 K within the delay time of 0.3 μs for the two plasmas. In the time region between 0.3 and 1.5 μs, Tb is almost stabilized at the temperatures of about 7000 and 7500 K for the +plasma and the -plasma, respectively. The difference in the average of Tb between the two plasmas is dominantly caused in this time region. After the delay time of 1.5 μs, Tb for the +plasma starts to decrease, and it becomes about 2500 K at the delay time of 1.9 μs, while that for the temperature of the -plasma still remains about 7200 K. This result indicates that the +plasma decays faster by about 0.5 μs than the -plasma.
Average temperatures of radicals
The temperatures of the radicals should contribute to reaction rates and efficiencies in plasma. We next estimated the temperatures of ·H and ·OH for the +plasma and -plasma.
From the relative intensities of the emission lines, the excitation temperatures of the radicals are determined by assuming the Boltzmann distribution. The electronic excitation temperature of ·H, TH, is estimated from the intensity ratio between the Hα and Hβ emission lines. The ratio in the area intensities of the Hα and Hβ lines, Iα and Iβ emissions, shown in Fig. 3(a) , is 1.00:0.30 and 1.00:0.45 for the +plasma and the -plasma, respectively. From these values, the average of TH is determined as 4500 and 5900 K in the +plasma and the -plasma, respectively.
We estimated the temperature and its temporal evolution of ·OH by comparing the experimental emission spectra from ·OH and simulated ones. We simulated the emission spectra at different temperatures based on the emission spectrum ·OH at 3000 K by assuming the Boltzmann distribution. 17 These plasmas are generated under atmospheric pressure, and the particles contained in the plasmas collide with each other for several hundred times during the interval time span of 0.1 μs. 3 The kinetic energies of two colliding particles are distributed more effectively as the masses of the particles are more identical. Here, we assume that the kinetic energy is well distributed among the same species by the frequent collisions within the time interval of 0.1 μs, and a quasi-thermalized condition is achieved. As shown later, the simulated spectra exhibit patterns similar to experimentally obtained emission spectra from ·OH. This result supports the validity of our assumption.
The rotational excitation temperature of ·OH is estimated from the structures due to the emissions from the different rotational states. The emission from the ·OH, representing the transition from the A 2 ∑ + state to the X 2 Π state, was measured with the wavelength resolution of 0.09 nm. The fine structures observed in the emission spectra are due to the population distribution among more than twenty different rotational states. 17 When the Boltzmann distribution is assumed, the emission spectrum at a certain temperature is calculated using the reported spectrum at 3000 K. 17 The experimentally obtained spectra show shapes most similar to the spectrum simulated at 4000 K, shown in Ref. 3 . This result suggests that TOH for the two plasmas is identically about 4000 K.
For the +plasma and -plasmas, TH and TOH are estimated as 4500 -5900 K and about 4000 K, respectively. From these results, TH and TOH are not largely different for the two plasmas. Therefore, the two plasmas should be almost thermalized, probably due to the frequent inter-particle collisions.
Discussion
Different colors between +plasma and -plasma
As shown in Fig. 2 , the photographic image exhibits that the color of the +plasma, purple, is different from that of the -plasma, orange. From the emission spectra shown in Fig. 3 , the relative band intensities for the components are different among the +plasma and -plasma. The emission spectra shown in Fig. 3 are normalized to the peak intensity of the Hα emission line at 656 nm. As shown in Fig. 3 , the intensity of the emission line due to Na at 589 nm in the -plasma is larger by a factor of about eight than for the +plasma. When the pulsed voltage is applied, Na + ions dissolving in the aqueous solution are taken into the plasmas, and collide with the free electrons in the plasmas, resulting in the generation of excited neutral Na in the plasma. The Na D line emission should result from the excited neutral Na.
In the present study, the monopolar pulsed voltage was applied repeatedly to the gap between the electrodes. When the voltage is applied, the positively charged Na + is attracted to the cathode. Therefore, Na + ions are introduced into the -plasma more effectively, resulting in the orange color, due to the Na D line at 589 nm, of the -plasma. 
Difference in plasma parameters between +plasma and -plasma
As discussed above, the temperatures of the blackbody and the radicals in the +plasma are lower than or almost identical to those in the -plasma. In contrast, ne for the +plasma is smaller by a factor of about ten than that for the -plasma. In our previous study on the ASG plasma, the radical temperatures correlate well with the electron number density. 3 In the present m-ASS plasmas, the smaller radical temperatures in the +plasma should partly result from the low collision frequencies between the charged particles accelerated by the voltage and radicals due to the low electron number density.
It is revealed that the electron number density is different by a factor of about ten between the +plasma and the -plasma. The different electron number density between the +plasma and -plasma should result from the differences in the efficiencies of the generation processes of secondary electrons. In discharge plasma, an important pathway of secondary electron generation is collisions between cathodic electrode and cationic ions accelerated by applied voltage. 2 As shown in Fig. 2 , the tungsten electrode works as the cathode for the -plasma, while the aqueous solution works as the cathode for the +plasma. The first ionization energies of tungsten and water are 770 and 1240 kJ mol -1 , respectively. 19 The first ionization energy represents how easily the molecule or atom in the cathode emits an electron. Therefore, the secondary electrons generate less in the +plasma, probably resulting in the lower electron number density.
Temporal evolutions of blackbody temperature and emission intensities
As shown in Fig. 5 , the temporal evolution of Tb for the +plasma and the -plasma shows different properties: the intensity begins to decay from the delay time of 1.5 μs for the +plasma, while the decay of the intensity is not observed for the -plasma. For the emission intensities of the continuum from the blackbody, Na, ·H, and ·OH, the emissions continue longer by about 0.5 μs for the -plasma, as shown in Fig. 6 . As shown in Fig. 1 , the applied voltage begins to decrease at the delay time of about 1.5 μs, which corresponds well to the delay time when Tb and the emission intensities start to fall. These results commonly indicate that the +plasma decays with the voltage, while the -plasma is sustained longer by about 0.5 μs.
As discussed above, the electron number density is lower for the +plasma. Therefore, the number of the free electrons immediately becomes lower than the threshold for sustaining the plasma after the decay of the applied voltage. In contrast, the -plasma is sustained somewhat longer after the decay of the voltage because of the high density of free electrons. It is revealed that the +plasma supplies a reaction field with lower temperature and shorter time duration than the -plasma.
Water dissociation mechanisms in the m-ASS plasmas
As discussed above, the electron number density in the +plasma is remarkably lower than that in the -plasma. In our previous study on the ASG plasma, we suggested that ·H and ·OH dominantly generated by the geminate recombinations between electrons and cations derived from H2O, 3 because electron energy of more than 5 eV is required for the dissociation of an H2O molecule. 20 In the present m-ASS plasmas, as well as the ASG plasma, probable pathways for ·OH generation are described as the collisions between free electrons and H2O + or H3O + ions. [21] [22] [23] Therefore, it is natural to consider that ·H and ·OH should generate more effectively in the -plasma, than in the +plasma due to the high electron number density.
However, as shown in Fig. 3(a) , interestingly, the emission intensities from ·H and ·OH are not largely different between the +plasma and the -plasma. A possible interpretation of this result is as follows. The dissociation cross section of H2O + and H3O + for the collision with electrons drastically increases as the kinetic energy of the colliding electron decreases. [21] [22] [23] For example, when the electron energy decreases from 1 to 0.5 eV, the dissociation cross section increases from about 7 × 10 -17 cm 2 to 3 × 10 -16 cm -2 . 21 As shown in Fig. 5 , Tb, representing the lower limit of the electron temperature, for the +plasma gradually decreases after the delay time of 1.5 μs. In this time region, the dissociation of the cations should effectively proceed because of the low-energy free electrons. This may be a reason why ·H and ·OH are well formed in the +plasma, although the electron number density is low. 
Conclusions
To elucidate the properties for the ASS plasmas separately, we performed the monopolar pulsed discharge to the wide gap between the electrodes confined in aqueous solution. We also developed and applied the time-resolved microscopic spectrometer for obtaining the emission spectra from the m-ASS plasmas separately.
The blackbody temperature, radical temperatures, and electron number density for the m-ASS plasmas have been obtained. The electron number density for the +plasma is lower by a factor of ten than that for the -plasma, although the +plasma and -plasma are simultaneously generated by the application the same voltage. The lower electron number density possibly result from the high ionization energy of the water cathode. For the +plasma, the temperatures of the blackbody and radicals are slightly lower and the temporal duration is shorter than for the -plasma, due to the low electron number density. However, the emissions from ·H and ·OH are almost the same among the +plasma and -plasma. These results indicate that the +plasma should supply a reaction field with high reduction and oxidation activities while ionization and dissociation by the electrons proceed less. It is concluded that the m-ASS discharge provides two reaction fields with the different properties simultaneously.
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